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Abstract 

Different  cobalt  containing  materials  obtained  from  the  thermal  decomposition  of  two  organic  precursors,  cobalt-acetylacetonate  and 
cobalt-tetrametoxyphenylporphyrin,  and  C03O4  prepared  by  thermal  decomposition  of  cobalt  carbonate  have  been  characterised  by  thermo- 
gravimetric  analysis  (TGA),  X-ray  diffraction  (XRD)  and  high  resolution  transmission  microscopy  (HRTEM).  It  has  been  found  that  the 
cobalt  precursor,  the  organic  macrocycle  and  the  active  carbon  are  simultaneously  needed  during  the  heat  treatment  in  inhert  atmosphere. 
Their  contemporaneous  presence  is  useful  to  obtain  a  material  on  which  the  dispersed  metal  is  able  to  catalyse  reactions  that  produce  pores  or 
tunnels  inside  the  carbon,  thus  resulting  in  an  enhanced  contact  area.  The  organic  macrocycle  is  only  partially  decomposed  and  the  residual 
fraction  could  enhance  the  conductivity. 

©  2005  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

Oxygen  reduction  in  gas  diffusion  electrodes  attracts  con¬ 
siderable  interest  primarily  because  of  its  impact  on  various 
energy-related  fields,  such  as  fuel  cells  and  metal-air  batter¬ 
ies.  The  cathode  of  the  fuel  cells,  fed  with  umidified  air,  is 
usually  made  up  of  a  carbon  powder,  mixed  with  a  fluorined 
polymer,  that  works  as  an  electrolyte,  and  then  activated  with 
a  catalyst.  Platinum  has  been  traditionally  employed  as  a  cat¬ 
alyst  for  the  oxygen  reduction.  Moreover,  Pt  and  its  alloys 
are  usually  used  for  hydrogen  oxidation  and  also  for  oxy¬ 
gen  reduction  in  the  low  temperature  fuel  cells  [1,2].  Due  to 
their  high  cost,  less  expensive  alternatives,  as  for  the  oxygen 
reduction  electrodes,  have  been  actively  searched  for.  One 
route  is  the  use  of  transition  metal  macrocycles  either  unpy- 
rolysed  or  pyrolysed.  Carbon- supported  metal  macrocycles 
exhibit  very  good  activity  [3-5]  and  stability  and  are  currently 
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employed  in  mechanically  recharged  metal-air  batteries  for 
electrical  traction  [6,7].  However,  their  cost  is  quite  high. 
Therefore,  it  is  appealing  to  try  to  reproduce  these  electro¬ 
catalysts  starting  from  different  precursors  of  lower  cost  and 
easier  availability,  and  to  disclose  the  reasons  for  their  activity 
to  be  able  to  improve  their  performance.  Since  the  molecular 
structure  of  the  catalyst  is  destroyed  during  the  heat  treat¬ 
ment,  the  metal  complex  is  only  a  precursor  of  the  actual 
active  material  [8-10].  In  particular,  it  has  been  postulated 
that  the  nature  of  the  catalytic  site  depends  on  the  heat  treat¬ 
ment  temperature:  metal-N4  moieties  (or  their  fragments) 
can  be  the  active  sites  in  the  low  and  medium  temperature 
range  [1 1,12].  On  the  contrary,  for  catalysts  prepared  at  high 
pyrolysis  temperatures  (>  1 123  K),  where  no  metal— N  bonds 
are  detected  anymore,  metallic  clusters  surrounded  by  sev¬ 
eral  layers  of  graphite  are  believed  to  be  the  catalytic  centres 
[13].  However,  the  nature  of  the  active  sites  produced  at  high 
temperature  is  still  controversial.  In  a  previous  work  [14],  it 
has  been  shown  that  if  cobalt-tetramethoxyphenylporphyrin 
(CoTMPP)  is  pyrolyzed  at  1 173  K  with  carbon  black,  a  very 


162 


M.  Manzoli,  F.  Boccuzzi  /  Journal  of  Power  Sources  145  (2005)  161-168 


active  electrocatalyst  results  for  the  O2  reduction  in  gas  dif¬ 
fusion  electrodes.  A  further  analysis  of  the  composition  of 
the  pyrolized  material  showed  that  some  C03O4  was  present. 
Literature  data  report  also  that  spinels  of  different  oxides 
are  active  electrocatalysts  in  the  oxygen  reduction  reaction 
[15,16].  Since  these  oxides  are  obtained  by  pyrolysis,  as  a 
first  approach  we  have  investigated  the  effect  of  the  nature  of 
the  precursor  on  the  activity  of  the  C03O4 -based  electrocata¬ 
lysts.  Moreover,  literature  works  show  that,  to  obtain  an  active 
electrocatalyst,  the  metal  does  not  need  to  be  incorporated  in 
the  macrocycle  before  pyrolysis.  Thus,  pyrolysis  can  be  ap¬ 
plied  separately  to  a  mixture  of  a  metal  salt  and  a  macrocycle. 
Research  work  in  this  direction  has  been  reported  by  Gupta  et 
al.  [17]  and  by  Bouwkamp-Wijnoltzetal.  [12].  More  recently, 
Mocchi  and  Trasatti  [18]  compared  the  electrocatalytic  activ¬ 
ity  of  a  pyrolysed  mixture  of  CoTMPP  and  carbon  black  with 
those  of  composite  electrocatalysts  prepared  by  thermal  de¬ 
composition  of  a  cobalt  oxide  and  a  cobalt  carbonate  mixed 
with  TMPP  and  carbon  black.  The  authors  found  an  appre¬ 
ciable  increase  in  activity  by  using  C0CO3  and  TMPP  instead 
of  the  CoTMPP  precursor  in  the  carbon  containing  mixture 
and  they  hyphothesised  a  role  of  the  presence  carbon  during 
the  pyrolysis.  It  must  be  considered  that  oxygen  reduction 
takes  place  in  the  three-zone  interface,  where  the  electron 
conducting  material,  the  proton  conducting  electrolyte  and 
the  gas  are  in  contact.  Therefore,  beside  the  nature  of  the  em¬ 
ployed  materials,  their  interdispersion  and  the  microstructure 
of  the  electrode  are  important,  too.  It  has  been  shown  that  the 
life  of  the  electrode  mainly  depends  on  the  wetting  proper¬ 
ties  of  the  porous  mass.  The  electrochemical  processes  oc¬ 
cur  at  the  boundary  between  the  micropores,  that  ensure  the 
gas  transportation,  and  the  macropores,  that  contain  the  elec¬ 
trolyte.  A  bimodal  pore  size  distribution  of  the  porous  mass 
of  the  carbon  bonded  PTFE  is  highly  desired  in  order  to  opti¬ 
mize  the  electrodes  behaviour  [19,20].  The  effects  of  differ¬ 
ent  commercial  carbon  powders  on  the  performance  of  gas 
diffusion  electrodes  were  reported  [7].  It  was  found  that  the 
catalytic  activity  and  the  physical  characteristics  of  the  carbon 
material  strongly  affect  the  performance  and  the  life  of  the 
electrodes. 

Here  we  present  a  characterisation  by  X-ray  diffrac¬ 
tion  (XRD),  thermogravimetric  analysis  (TGA)  and  high 
resolution  transmission  microscopy  (HRTEM)  of  different 
cobalt-based  catalysts  in  order  to  investigate  the  reasons 
of  the  different  electrocatalytic  activity  exhibited  by  these 
systems. 


2.  Experimental 

2.7.  Materials 

Commercial  (Sigma-Aldrich)  cobalt-tetramethoxyphe- 
nylporphyrin,  Co(TMPP)  (C48H36C0N4O4, 791.77  gmol-1) 
and  cobalt-acetylacetonate,  Co(acac)3,  were  employed  as  or¬ 
ganic  precursors  of  materials  that  can  be  potentially  active  in 
the  activation  of  molecular  O2. 

Two  different  carbon  blacks,  Vulcan  XC72R  obtained 
starting  from  furnace  oil  and  produced  by  Cabot  Corpora¬ 
tion  Ltd.  and  an  acetylenic  carbon,  Shawinigan  black  AB50 
produced  by  Chevron  Chemical  Co.,  have  been  chosen  for 
this  study.  The  chemico-physical  properties  of  these  car¬ 
bon  were  provided  by  the  manufacturers  and  they  are  re¬ 
ported  in  Table  1  together  with  the  apparent  density  of 
the  carbon  treated  with  a  fluorine  resin  (PTFE)  reported  in 
Ref.  [7]. 

The  lower  wettability  of  the  Shawinigan  Black  AB50  ap¬ 
pears  as  a  good  pre-requisite  in  order  to  get  larger  three- 
phase- gas-solid-liquid  interfaces. 

Each  carbon  black  was  impregnated  with  a  solution  in  ace¬ 
tone  of  the  organic  precursor  to  obtain  the  mixtures  employed 
for  the  thermogravimetric  analysis.  The  precursors  content  of 
the  mixtures  is  different  (Co(acac)3,  4.71  wt.%;  Co(TMPP), 
10  wt.%)  because  of  the  different  molecular  weight  of  the  or¬ 
ganic  ligand.  The  final  Co  content  is  0. 139  mmol  g-1  for  all 
the  samples  at  the  end  of  the  preparation  procedure  (see  also 
Table  2). 

C0CO3  and  C03O4  prepared  by  thermal  decomposi¬ 
tion  at  673  K  for  3h  of  the  same  Co  carbonate  were  also 
employed.  Bare  tetramethoxyphenylporphyrin,  C48H38N4 
(Sigma-Aldrich)  was  introduced  as  additive  during  the  ther¬ 
mal  treatments  of  the  mixtures  containing  these  cobalt  pre¬ 
cursors  and  the  carbon  black.  The  following  mechanical  mix¬ 
tures  were  prepared:  C0CO3  (10%)  and  Shawinigan  Black 
AB50  (90%),  C0CO3  +  TMPP,  10:1  ratio  (10%)  and  Shaw¬ 
inigan  Black  AB50  (90%),  C03O4  (10%)  and  Shawinigan 
Black  AB50  (90%),  C03O4  +  TMPP,  10:1  ratio  (10%)  and 
Shawinigan  Black  AB50  (90%).  The  components  were  me¬ 
chanically  mixed  in  an  agate  mortar. 

2.2.  Methods 

Thermogravimetric  analysis  (TGA)  was  carried  out  on  a 
thermal  analysis  (TA)  instrument  (SDT  2960  model)  by  keep- 


Table  1 


Properties  of  the  carbon  blacks  employed  in  this  work 


Sample 

Source 

Particles 
size  (nm) 

Surface  area 
(m2  g 1) 

Total  porosity  (%) 

C  +  PTFE 40% 
density  (g  cm-3) 

Wet  pore/total 
pore  volume 

Shawinigan 

Black  AB50 

Acetylene 

40 

82 

47.3 

0.15 

0.17 

Vulcan 

XC72R 

Furnace  oil 

30 

254 

47.5 

0.33 

0.21 
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Table  2 


Samples  examined  by  TG  analysis 


Catalytic 

precursor 

Carbon 

Precursor/ 
carbon  (wt.%) 

mmol  Co/g 
Carbon 

CoTMPP 

— 

— 

— 

Co(acac)3 

— 

— 

— 

— 

Shawinigan  AB50 

— 

— 

— 

Vulcan  XC72R 

— 

— 

Co(TMPP) 

Vulcan  XC72R 

10 

0.139 

Co(TMPP) 

Shawinigan  AB50 

10 

0.139 

Co(acac)3 

Shawinigan  AB50 

4.71 

0.139 

in g  the  samples  under  a  constant  flux  of  nitrogen,  using  a 
temperature  ramp  of  283  Kmin-1,  starting  from  room  tem¬ 
perature  (RT)  up  to  1273  K. 

X-ray  powder  diffraction  (XRD)  patterns  were  obtained 
on  a  Philips  PW1830  diffractometer  using  the  Co  Ka  radia- 

o 

tion  (Ka  =  1.7902  A).  The  diffraction  patterns  were  recorded 
at  RT  in  the  step  scanning  mode,  with  a  0.05°  (20)  step  scan 
and  Is  step-1  counting  time  in  the  range  10°  <20  <80°. 
The  crystallite  sizes  were  estimated  by  applying  the  Scherrer 
equation  to  all  the  peaks  of  the  diffraction  patterns. 

High  resolution  transmission  electron  microscopy 
(HRTEM)  measurements  were  made  with  a  JEOL  2010 
(200  kV)  electron  microscope,  equipped  with  an  EDS  ana¬ 
lytical  system  Oxford  Link.  The  powders  were  ultrasonically 
dispersed  in  isopropyl  alcohol  and  the  suspension  was 
deposited  on  a  copper  grid,  coated  with  a  porous  carbon 
film.  (The  residual  vacuum  at  the  specimen  region  was 
approximately  1  x  10-6  mbar.)  The  size  distributions  of 
the  particles  were  determined  by  considering  at  least  300 
particles. 


3.  Results  and  discussion 

The  cathodic  material,  commonly  fed  with  umidified  air 
is  constituted  by  a  mixture  of  a  carbon  powder  and  a  cata¬ 
lyst  precursor,  CoTMPR  This  mixture  is  integrated  in  a  body 
using  perfluorosulfonic  acid  (PFSA)  as  proton  conductor. 

Since  it  is  well  known  that  both  activity  and  stability  of 
cobalt  macrocycles  are  markedly  enhanced  if  undergone  to 
a  thermal  treatment,  the  mixture  containing  the  carbon  and 
the  catalyst  precursor  is  heat  treated  at  1 173  K  in  a  nitrogen 
atmosphere  before  the  fabrication  of  the  electrode. 

A  modification  of  the  macrocyclic  structure  with  the  ap¬ 
pearance  of  interactions  with  the  carbon  support  occurs. 
Therefore,  a  thermogravimetric  analysis  performed  on  the 
carbon/precursor  mixture  can  be  very  useful  to  have  a  deep 
insight  on  the  processes  occurring  to  the  cathodic  material 
during  the  thermal  decomposition  at  high  temperature. 

The  samples  undergone  to  the  heat  treatment  for  the  TGA 
analysis  are  summarized  in  Table  2.  The  bare  carbon  blacks 
and  the  precursors  have  been  examined  for  comparison, 
too. 


Fig.  1.  Section  a:  TG  curves  of  Shawinigan  AB50  (dotted  line),  Vulcan 
XC72R  (dashed  line),  Co(TMPP)/Shawinigan  AB50  mixture  (bold  line) 
and  Co(TMPP)/Vulcan  XC72R  mixture  (fine  line).  Section  b:  comparison 
between  the  TG  curves  of  Co(acac)3 /Shawinigan  AB50  mixture  (fine  line) 
and  CoTMPP/Shawinigan  AB50  (bold  line).  The  samples  were  kept  under 
a  constant  flux  of  nitrogen,  using  a  temperature  ramp  of  283  K  min-1  and 
starting  from  RT  up  to  1273  K. 

The  weight  losses  %  of  the  bare  carbon  blacks,  Vulcan 
XC72R  (dashed  curve)  and  Shawinigan  AB50  (dotted  curve), 
of  a  mixture  of  Co(TMPP)  with  Vulcan  XC72R  (fine  curve) 
and  with  Shawinigan  AB50  (bold  curve)  recorded  from  RT 
up  to  1273  K  are  reported  in  Fig.  la.  The  gradual  weight 
loss  versus  the  temperature  of  the  bare  carbons  is  of  very 
small  entity.  The  change  of  the  initial  weight  corresponds 
to  1.46%  for  Shawinigan  (dotted  curve)  and  to  2.83%  for 
Vulcan  (dashed  curve).  The  TG  profiles  of  the  samples  do 
not  show  any  substantial  change,  being  the  little  differences 
probably  due  to  the  desorption  of  water,  initially  present  on 
the  carbon  surfaces,  and  of  CO2  molecules,  that  evolve  from 
the  desorption  of  carboxylic-like  groups. 

The  total  weight  loss  (22.53%)  observed  for  the  mix¬ 
ture  containing  Shawinigan  AB50  impregnated  with  the 
Co(TMPP)  precursor  (bold  curve)  is  bigger  than  the  con¬ 
tent  of  the  organic  precursor  (10wt.%).  This  trend  is  more 
evident  starting  from  temperatures  above  873  K.  This  phe¬ 
nomenon  is  not  observed  when  Vulcan  XC72R  is  employed 
(5.14%).  Moreover,  the  excess  of  weight  loss  (16.16%)  is 
less  marked  in  the  presence  of  the  Co(acac)3  precursor  mix- 
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ture  (see  fine  curve  in  Fig.  lb).  These  observations  strongly 
indicate  that  the  nature  of  the  catalyst  precursor  and  of  the 
carbon  black  plays  a  decisive  role  during  the  preliminar  heat 
treatment  procedure. 

We  observed  that  in  the  presence  of  Co(acac)3  (Fig.  lb, 
fine  curve)  and  of  CoTMPP  (Fig.  lb,  bold  curve),  the  ther- 
mogravimetric  profiles  of  Shawinigan  AB50  are  markedly 
changed  if  compared  to  that  of  the  pure  Shawinigan  AB50 
(see  dotted  curve  in  Fig.  la).  In  both  cases,  similar  processes 
involving  carbon  and  induced  by  the  cobalt  species  seem  to 
take  place  in  the  presence  of  the  organic  precursor.  In  partic¬ 
ular,  the  total  weight  loss  observed  for  the  mixture  of  carbon 
black  and  Co(acac)3  is  15.89%.  This  value  is  higher  respect 
to  the  precursor  content  (see  Table  2).  We  also  performed  the 
TG  analysis  on  the  Co(acac)3  precursor  alone  (not  shown).  It 
was  found  that  the  decomposition  of  this  sample  occurs  in  two 
steps  in  the  temperature  range  between  488  and  513  K  and 
two  further  steps  in  the  range  between  523  and  803  K.  The 
total  weight  loss  reaches  the  89%  and  it  mainly  occurs  in  the 
first  range  of  temperature.  The  cobalt  content  represents  the 
16.54%  of  the  initial  weight  of  the  precursor,  while  the  acety- 
lacetonate  ligand  is  calculated  to  be  the  83.5%.  The  small 
excess  observed  in  the  total  weight  loss  (89%)  respect  to  this 
value  can  be  ascribed  to  the  desorption  of  water  molecules. 
The  Co(acac)3  organic  precursor  is  totally  decomposed  dur¬ 
ing  the  heat  treatment  in  inert  atmosphere.  Keeping  in  mind 
these  data,  we  can  reasonably  assume  that  the  organic  pre¬ 
cursor  is  totally  decomposed  at  853  K.  Differently  from  the 
bare  precursor,  the  decomposition  of  the  mixture  takes  place 
at  higher  temperatures  (432  and  610  K). 

The  decomposition  of  the  bare  Co(TMPP)  mainly  takes 
place  in  two  different  steps:  at  710  and  1018  K,  as  deter¬ 
mined  by  the  differential  thermogravimetric  minima  of  the 
signals  (DTGA,  data  not  shown).  The  total  weight  loss  of 
Co(TMPP)  is  the  55.4%  of  the  initial  weight  of  the  sample 
in  the  temperature  range  between  RT  and  1273  K.  Cobalt 
represents  the  7.4%  of  this  value,  while  the  porphyrin  cycle 
is  the  92.6%.  The  weight  starts  to  decrease  at  about  633  K 
and  it  can  be  considered  that  the  majority  of  this  process 
occurs  up  to  about  1000  K.  The  weight  variation  in  this  tem¬ 
perature  range  corresponds  to  the  42%  of  the  sample  and 
this  value  is  markedly  lower  than  the  total  weight  calcu¬ 
lated  for  the  organic  macrocycle  (92.6%).  This  behaviour 
indicates  that  a  residual  fraction  of  the  Co(TMPP)  precur¬ 
sor  is  still  present  after  the  thermal  treatment.  Lalande  et  al. 
[21]  explained  the  high  electroactivity  of  heat  treated  cobalt 
phthalocyanine  (CoPcTc)  by  the  better  conductivity  of  the 
polymeric  material,  or  of  its  fragments,  originated  from  the 
decomposition  of  the  phthalocyanine.  The  enhanced  con¬ 
ductivity  would  facilitate  the  O2  reduction.  A  similar  phe¬ 
nomenon  probably  occurs  also  for  CoTMPP,  since  the  TG 
measurements  confirm  a  partial  decomposition  of  the  organic 
macrocycle. 

The  Shawinigan  AB50  employed  in  our  experiments  is  a 
carbon  black  of  acetylenic  provenience.  Residual  acetylenic 
fragments  can  transform  into  gaseous  species  at  increas¬ 


ing  temperatures.  Quadrupole  mass  measurements  reveal  the 
presence  of  H2  and  C2H2  in  the  gas  phase  at  temperatures 
over  to  923  K  (not  shown  for  the  sake  of  brevity).  It  has  been 
reported  that  the  VIII  Group  metals  are  very  good  catalysts 
for  carbon  gasification  [22] .  The  metal  catalysed  gasification 
of  carbon  represents  a  very  peculiar  situation,  since  the  car¬ 
bon  acts  both  as  the  support  of  the  active  phase,  and  as  a 
reactant.  The  behaviour  of  this  system  is  particular  sensitive 
to  eventual  metal- support  interactions.  It  is  well  known  that 
the  gasification  of  carbon  catalysed  by  some  transition  met¬ 
als  (such  as  Ni,  Ru,  Rh  and  Os)  occurs  in  two  temperature 
regions,  whatever  the  nature  of  the  gasifying  agent  [23]:  a 
low  temperature  region,  between  673  and  973  K,  the  catalyst 
being  severely  deactivated  between  873  and  973  K  [24]  and 
a  high  temperature  region,  above  1023  K,  where  the  reac¬ 
tion  occurs  until  all  carbon  is  gasified.  Calcium  compounds 
are  also  used  as  catalysts  of  the  gasification  reaction  to  de¬ 
velop  a  mesoporous  network  in  the  carbon  materials  [25]. 
Some  authors  have  reported  that  the  metallic  catalyst  moves 
isotropically  inside  the  active  carbon  to  keep  the  contact  with 
the  carbon  when  it  gasifies  [26].  This  phenomenon  is  called 
“tunneling”.  The  eventual  formation  of  tunnels  inside  the 
CoTMPP/Shawinigan  mixture  can  produce  an  enhancement 
of  the  surface  area  and  can  explain  the  major  electrocatalytic 
activity  that  we  previously  reported  for  this  system  [14]. 

Moreover,  Alvim  Ferraz  et  al.  [27]  compared  different  ac¬ 
tivated  carbon  impregnated  with  CoO,  C03O4  and  Cr03  in 
relation  with  the  carbon  structure,  the  catalyst  content  and 
the  catalyst  species.  Two  series  of  impregnated  active  car¬ 
bons  were  prepared,  the  former  by  impregnation  after  ac¬ 
tivation,  the  latter  by  impregnation  before  activation.  The 
authors  found  that,  when  compared  with  non-impregnated 
active  carbons,  the  impregnated  ones  showed  even  a  more 
significant  contribution  of  micro-  and  mesoporosity.  They 
explained  their  results  by  the  presence  of  metallic  species  dur¬ 
ing  the  activation  step,  which  by  acting  as  catalyst,  allowed 
the  formation  of  a  porous  structure  resulting  in  a  greater  to¬ 
tal  area  and  large  pore  volumes.  The  development  of  larger 
micro-  and  mesopores  was  more  pronounced  when  the  ac¬ 
tivation  step  was  catalysed  by  C03O4.  Such  a  phenomenon 
may  be  at  the  origin  of  the  enhanced  catalytic  activity  of  our 
system. 

The  XRD  patterns  of  the  Co(TMPP)  precursor,  of  the 
Co(TMPP)/Shawinigan  AB50  mixture  and  of  the  bare  Shaw¬ 
inigan  AB50  recorded  after  the  heat  treatment  under  nitrogen 
flux  are  reported  in  Fig.  2.  We  performed  the  XRD  analysis  in 
order  to  have  information  on  the  nature  of  the  phases  formed 
by  the  heat  treatment. 

The  XRD  pattern  of  the  ex-Co(TMPP)  precursor  (dotted 
curve)  contains  peaks  related  to  the  CoO  phase  [20  =  49.6° 
and  72.95° ;  ICPDS  file  number  9-402]  and  to  a  cubic  metallic 
Co  phase  [20  =  51.75°  and  60.5°;  JCPDS  file  number  15-806]. 
Moreover,  the  ex-CoTMPP  sample  exhibits  peaks  centred  at 
20  =  21.9 °,  36.35°,  42.95°,  44.95°,  65.65°,  70.1°  and  77.5°. 
These  peaks  are  due  to  the  presence  of  a  C03O4  cubic  phase 
(JCPDS  file  number  9-418). 
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Fig.  2.  XRD  patterns  of  the  Co(TMPP)  precursor  (dashed  line),  of  the 
Co(TMPP)/Shawinigan  mixture  (fine  line)  and  of  the  bare  Shawinigan  (bold 
line)  recorded  after  the  heat  treatment  under  nitrogen  flux;  (°)  Co,  (•)  CoO, 
(*)  C03O4. 

The  formation  of  an  oxidic  phase  in  an  inert  atmosphere 
could  be  related  to  the  presence  of  oxygen  coming  from  trace 
air  in  the  nitrogen  gas  used  for  the  TGA  experiments.  By 
increasing  the  temperature,  the  activation  of  oxygen  takes 
place  and  oxygen  atoms  react  with  cobalt  atoms.  It  cannot 
be  excluded  that  the  oxygen  atoms  present  in  the  macrocycle 
structure  could  play  a  role,  too. 

The  average  crystallite  size  of  the  C03O4  phase  originated 
from  the  Co(TMPP)  precursor  is  29.13  nm,  as  determined 
by  the  Scherrer  equation  applied  on  the  XRD  pattern.  The 
copresence  of  CoO  and  Co  may  be  a  result  of  reactions  (1) 
and  (2),  as  reported  in  Ref.  [28]: 

Co304  +  H2^  3CoO  +  H20  (1) 

CoO  +  H2  ->  Co  +  H20  (2) 

In  addition  to  the  phases  mentioned  above,  the  XRD  pattern 
profile  indicates  the  presence  of  an  amorphous  phase  that, 
in  our  case,  is  due  to  the  support  employed  for  the  mea¬ 
sures.  Finally,  the  intense  and  asymmetric  peak  observed  at 
20  =  30.05°  is  not  correlated  to  the  other  peaks  because  of  its 
broadness  and  shape.  This  peak  could  be  tentatively  ascribed 
to  amorphous  carbon  coming  from  the  thermal  decomposi¬ 
tion  of  the  organic  macrocycle,  since  we  observed  a  more  in¬ 
tense  peak  in  the  same  position  and  with  a  quite  similar  shape 
in  the  XRD  patterns  of  the  pirolyzed  bare  carbon  black  (fine 
curve)  and  of  the  mixture  CoTMPP/Shawinigan  AB50  after 
thermal  treatment  (bold  curve).  Two  other  peaks  are  present 
in  the  XRD  pattern  of  the  pirolyzed  mixture.  These  peaks,  on 
the  basis  of  their  position  (also  evidenced  by  the  difference 
between  bold  curve  and  fine  curve,  here  not  shown)  and  of 
the  comparison  with  the  spectrum  of  the  pirolyzed  CoTMPP 
(dotted  curve),  are  related  to  the  presence  of  metallic  cobalt 
with  a  cubic  structure. 

The  XRD  patterns  of  the  ex-Co(acac)3  and  the  ex- 
Co(TMPP)  samples  recorded  after  the  heat  treatment  under 


Fig.  3.  Comparison  between  the  XRD  patterns  of  the  Co(acac)3  precursor 
(curve  a)  Co(TMPP)  precursor  (curve  b)  after  the  heat  treatment  under  ni¬ 
trogen  flux;  (°)  CoO,  (•)  Co,  (<)  a-Co,  (*)  C03O4. 

nitrogen  flux  are  compared  in  Fig.  3,  curves  a  and  b,  respec¬ 
tively. 

Mainly  two  distinct  crystalline  phases  originate  from  the 
ex-Co(acac)3  precursor:  the  CoO  phase  (peaks  centered  at 
20  =  49.7°  and  72.95°;  JCPDS  file  number  9-402)  and  a 
metallic  Co  cubic  phase  (20  =  60.7°  and  51.95°;  JCPDS  file 
number  15-806).  It  is  known  that  cobalt  exists  in  two  kinds 
of  structures:  hexagonal  a-Co  (hep,  stable  at  room  temper¬ 
ature)  and  cubic  Co  (fee,  above  723  K).  Mixtures  of  these 
phases  normally  coexist  and  the  peak  observed  at  20  =  55.9° 
can  be  assigned  to  a-Co  (JCPDS  file  number  5-0727).  The 
XRD  pattern  profile  reveals,  as  previously  observed  for  the 
ex-CoTMPP  sample,  the  presence  of  an  amorphous  phase 
that  is  related  to  the  support  employed  for  the  measurements. 
No  Co304  phase  is  observed  after  heat  treatment  in  inhert 
atmosphere  of  the  Co(acac)3  precursor. 

In  Fig.  4,  the  HRTEM  micrographs  of  as  synthetized 
Shawinigan  AB50  (section  a),  and  of  the  same  carbon  black 
undergone  to  heat  treatment  in  the  presence  of  CoTMPP 
(section  b)  are  reported.  A  concentric  layer  microstructure, 
where  the  particles  have  a  globular  shape,  has  been  observed 
on  the  as  prepared  sample  (section  a).  Both  microstruc¬ 
ture  and  morphology  of  the  carbon  black  are  changed  after 
the  thermal  treatment  at  1273  K  in  an  inhert  atmosphere  in 
the  presence  of  CoTMPP.  The  previous  structure  turns  in  a 
graphitic  organization  of  the  material,  where  the  layers  are 
easily  recognizable  when  the  carbon  black  is  heat  treated 
(section  b). 

Cobalt-containing  particles  have  been  observed  by 
HRTEM  (see  Fig.  5,  section  a)  on  the  heat  treated 
CoTMPP/Shawinigan  AB50  mixture.  The  EDS  analysis  (re¬ 
ported  in  section  b  of  the  same  figure)  was  performed  in 
two  different  regions  of  the  sample  that  have  been  marked 
with  the  letters  A  and  B.  The  presence  of  metallic  cobalt 
(region  A)  and  the  carbonaceous  nature  of  the  layer  around 
the  particle  (region  B)  have  been  evidenced.  A  similar  mor¬ 
phology  was  already  observed  for  heat  treated  tetracarboxylic 
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Fig.  4.  HRTEM  micrographs  carbon  black  Shawinigan  AB50  not  undergone 
to  heat  treatment  in  inhert  atmosphere  (section  a)  and  after  the  same  thermal 
treatment  in  the  presence  of  Co(TMPP)  (section  b).  The  images  were  taken 
at  an  original  magnification  of  600,000  and  100,000,  respectively. 

cobalt  phthalocyanines  [21]  and  it  is  believed  to  be  the  only 
species  responsible  for  the  electrocatalytic  activity  of  such 
Co-macrocycle/carbon  black  systems  pyrolised  at  tempera¬ 
tures  above  973  K. 

Since  XRD  analysis  of  the  heat  treated  mixture 
CoTMPP/Shawinigan  AB50  showed  that  the  presence  of 
C03O4  phase,  we  investigated  by  TGA  the  thermal  decompo¬ 
sition  of  different  mechanical  mixtures  obtained  by  adding  to 
the  carbon  black  either  C03  O4 ,  produced  by  decomposition  of 
cobalt  carbonate,  or  cobalt  carbonate  itself.  The  morphology 
of  the  C03O4  obtained  by  thermal  decomposition  of  cobalt 
carbonate  is  well  illustrated  in  the  HRTEM  image  reported  in 
Fig.  6,  section  a.  The  oxide  is  constituted  by  small  particles, 
uniform  in  shape  and  size.  The  mean  particle  size  determined 
by  the  HRTEM  analysis  is  25  nm,  being  the  size  distribution 
reported  in  Fig.  6,  section  b.  A  value  of  22  nm  was  found  by 
applying  the  Scherrer  equation  to  the  respective  XRD  pattern 
(not  shown  for  the  sake  of  brevity). 

Mixtures  containing  TMPP  were  also  prepared.  The  re¬ 
sults  are  reported  in  Fig.  7.  The  comparison  between  the 
weight  losses  of  the  Co304/Shawinigan  AB50  mixture  (solid 
line)  and  the  C0CO3 /Shawinigan  AB50  mixture  (dashed  line) 
is  showed  in  section  a.  The  TG  curve  of  Co304/Shawinigan 


Fig.  5.  HRTEM  micrograph  of  the  mixture  CoTMPP/Shawinigan  AB50 
(section  a)  and  EDS  analysis  in  different  regions  of  the  same  image  (sec¬ 
tion  b):  (A)  cobalt-containing  particle;  (B)  graphitic  shell  around  the  same 
cobalt  particle.  The  presence  of  the  Cu  signal  in  the  EDS  spectra  is  due  to  the 
grids  employed  for  the  measurements.  The  image  was  taken  at  an  original 
magnification  of  800,000. 


AB50  lightly  decreases  up  to  about  1023  K,  then  a  change  in 
slope  occurs.  The  mixture  looses  the  10%  of  its  initial  weight 
after  the  thermal  treatment  in  inhert  atmosphere  and  almost 
the  entire  weight  loss  is  observed  above  the  previously  men¬ 
tioned  temperature.  In  the  case  of  C0CO3 /Shawinigan  AB50 
we  calculated  a  total  weight  loss  of  16.6%.  Moreover,  the 
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Particle  diameter  [nm] 

Fig.  6.  HRTEM  micrograph  of  the  C03O4  sample  obtained  from  the  thermal 
decomposition  of  cobalt  carbonate  at  673  K  (section  a)  and  particle  size 
distribution  (section  b).  The  image  was  taken  at  an  original  magnification  of 
100,000. 


Fig.  7.  Section  a:  TG  curves  related  to  the  CosCU/Shawinigan  AB50  mixture 
(solid  line)  and  the  CoCOa/Shawinigan  AB50  mixture  (dashed  line).  Section 
b:  comparison  between  the  TG  curves  of  the  CoC03/TMPP/Shawinigan 
AB50  mixture  (bold  line)  and  the  CoTMPP/Shawinigan  AB50  mixture  (fine 
line).  The  samples  were  kept  under  a  constant  flux  of  nitrogen,  using  a 
temperature  ramp  of  283  K  min-1  and  starting  from  RT  up  to  1273  K. 


trend  is  quite  different  because  two  different  steps  are  evi¬ 
dent  in  the  TG  curve.  Two  minima  at  57 1  and  at  632  K  in 
the  DTG  curve,  here  not  shown  for  the  sake  of  clarity,  ev¬ 
idence  the  thermal  decomposition  of  cobalt  carbonate  into 
cobal  oxide.  They  are  associated  to  a  weight  loss  of  about 
2%.  The  second  step  is  at  higher  temperatures,  where  the 
majority  of  the  weight  loss  takes  place  starting  from  1065  K, 
similarly  to  what  observed  for  the  mixture  containing  cobalt 
oxide  already  formed.  The  weight  losses  observed  in  both 
curves  at  high  temperature  are  related  to  some  process  oc¬ 
curring  to  carbon  and  induced  by  the  presence  of  cobalt,  as 
already  observed  for  the  mixtures  containing  CoTMPP  and 
Co(acac)3 .  Furthermore,  the  weight  loss  occurred  in  the  case 
of  CoCOs/Shawinigan  AB50  is  higher  than  that  observed  for 
Co304/Shawinigan  AB50.  This  could  be  probably  due  to  the 
enhanced  dispersion  of  the  cobalt  oxide,  because  it  is  syn¬ 
thesized  during  the  heat  treatment,  since  a  higher  dispersion 
of  the  metal  guarantees  an  enhanced  activity  in  the  reaction 
catalysed  by  cobalt. 

We  performed  the  heat  treatment  on  the  same  mixtures 
on  which  also  TMPP  was  introduced.  In  both  mixtures, 
the  effect  of  the  presence  of  the  organic  macrocycle  during 


the  heat  treatment  exentially  results  in  an  enhanced  weight 
loss  in  the  temperature  range  650-1 130  K  (not  shown  for 
the  sake  of  brevity),  explained  by  the  partial  decomposition 
of  TMPP.  In  particular,  the  total  weight  loss  observed  for 
CoC03/TMPP/Shawinigan  AB50  is  12.72%  (Fig.  7,  bold 
curve  in  section  b).  It  was  found  [18]  that  the  catalytic 
activity  of  this  pyrolised  material  in  oxygen  electroreduction 
is  higher  than  that  shown  by  the  other  pyrolysed  mixtures 
following  the  order:  CoCC^/TMPP/Shawinigan  AB50 

C03  04/TMPP/Shawinigan  AB50  ~  C03  04/Shawinigan 
AB50,  indicating  that  C03O4  does  not  increase  its  ac¬ 
tivity  in  the  presence  of  TMPP.  Moreover,  pyrolised 
CoC03/TMPP/Shawinigan  AB50  showed  an  increase  in 
activity  also  respect  to  CoTMPP/Shawinigan  AB50,  whose 
TG  curve  is  reported  as  comparison,  too  (fine  curve). 

4.  Conclusions 

The  Co(TMPP)  precursor  is  more  thermally  stable  than 
Co(acac)3,  as  indicated  by  the  TGA  measurements.  More¬ 
over,  XRD  analysis  reveals  the  presence  of  the  C03O4  phase 
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after  thermal  treatment  in  inert  atmosphere,  only  in  the  case 
of  the  Co(TMPP)  precursor. 

The  formation  of  tunnels  or  pores,  induced  by  the  presence 
of  cobalt  (as  evidenced  by  TGA)  produces  an  enhancement  of 
the  surface  area  of  the  active  carbon  and  can  explain  the  ma¬ 
jor  activity  of  the  ex-CoTMPP/carbon  black  system  respect 
to  the  C03O4/C  mixture  [14].  This  phenomenon  is  particu¬ 
larly  evident  for  Shawinigan  AB50  and  it  is  practically  not 
observed  in  the  case  of  Vulcan  XC72R. 

The  HRTEM  analysis  showed  that  the  C03O4  particles 
formed  in  the  decomposition  of  Co(TMPP)  have  very  simi¬ 
lar  size  respect  to  those  of  C03O4  originated  from  the  thermal 
decomposition  of  cobalt  carbonate  at  673  K,  in  spite  of  the 
significantly  higher  temperature  treatment,  but  the  structure 
of  the  metal  macrocycle  seems  not  to  be  the  factor  responsi¬ 
ble  for  the  electrocatalytic  activity  of  the  resulting  material 
[12,17,18]. 

The  simultaneous  presence  of  the  cobalt  carbonate,  of  the 
organic  macrocycle  and  of  the  active  carbon  during  the  heat 
treatment  in  inhert  atmosphere  produces  a  material  on  which 
the  metal  results  more  dispersed  than  in  the  case  of  the  mix¬ 
ture  containing  C03O4  already  formed.  Therefore,  it  is  able 
to  catalyse  reactions  on  which  pores  or  tunnels  are  produced 
into  the  carbon,  thus  resulting  in  an  enhanced  contact  area. 
Moreover,  cobalt  metallic  particles  resulting  from  the  heat 
treatment  of  CoTMPP  are  covered  by  a  graphitic  shell  that 
can  prevent  the  metal  from  corrosion.  TGA  measurements 
on  pure  CoTMPP  (not  shown)  also  revealed  that  the  organic 
macrocycle  is  not  totally  decomposed,  it  could  be  possibly 
polymerised.  Some  fragments  remain  at  the  surface  of  the  ac¬ 
tive  carbon  and  can  enhance  the  conductivity  making  easier 
the  electron  transfer  to  O2.  Further  electrocatalytic  tests  on 
this  materials  are  needed,  but  it  can  be  potentially  considered 
as  for  a  future  employ  in  fuel  cells. 
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